Hydroxyapatite (HA) is a bioactive bone substitute used in biomedical applications. One approach to use HA for bone implant application is to coat it on titanium (Ti) implant. However, adhesion of HA on Ti is major concern for their long-term use in orthopedic implants. To enhance the adhesion strength of HA coating on titanium (Ti), the surface of the Ti was anodized and alkaline pretreated prior to coating on Ti by electrodeposition. Alkaline pretreatment of titanium dioxide nanotubes (ATi) accelerated the formation of HA, which mimicked the features and structure of natural bone tissue. Nanostructured HA formed on the ATi and pretreated ATi (P-ATi), unlike on conventional Ti. This study is the first to show that the bonding of HA coating to a P-ATi substrate was stronger than those of HA coating to Ti and to ATi. The preosteoblast response tests were also conducted. The results indicated that HA coating improved preosteoblast proliferation after 3 days in standard cell culture.
Introduction
Recently, more than 90 percent of the elderly of world's populations suffer from bone-related trauma, such as osteoporosis, bone cancers, rheumatoid arthritis, or accidents, which require spinal, hip, and knee replacements [1] . Thus, a huge success in bone implant development is anticipated in 2030 [2] . In Thailand, the total cost of orthopedic implants increased from $4.9 million in 2002 to $39.7 million in 2010.
Bone is composed of ceramic and biosubstance that draws attention among material engineers, who look for material to substitute for bone. This substituted material should possess both high strength and fracture toughness, appropriated for orthopedic implants [3] . Common biomaterials used for bone replacements are stainless steels, cobalt-chromium (Co-Cr) alloys, titanium (Ti), and Ti alloys. Among these metals, the tensile modulus of Ti-based materials is closest to that of bone. Additionally, wear and corrosion resistances of Ti-based materials are higher than those of the other two materials because of natural TiO 2 formation on the Tibased surface. Although TiO 2 is bioinert in physiological environments, Ti-based implants often fail after 10-20 years of service. Failure modes include bone fracture around the implanted materials (due to lower elastic modulus of bone than that of the implant), wear or corrosion of the implant, inflammation, and infection [4] . Moreover, naturally formed TiO 2 has low osteoconduction [5, 6] , which causes implant loosening leading to failure [7] . To provide high bioactivity and to improve bone ingrowth, one approach is to use Ti with a coating of nanostructured hydroxyapatite (HA).
HA is a naturally derived ceramic found in bones and its calcium to phosphate atomic ratio (Ca/P) is 1.67 [8] . Various coating methods of hydroxyapatite (HA) on Ti surface have been investigated, such as Ti soaking in simulated 2 Journal of Nanomaterials body fluid (SBF) (mimicking naturally HA forming), plasma spraying, sol-gel deposition in HA particles solution, pulsed laser deposition, hot isostatic pressing, and electrochemical deposition [9] [10] [11] [12] [13] [14] [15] [16] . HA coating by electrochemical deposition was shown to possess excellent corrosion protection and good biocompatibility under host environment [17] . Advantages of this technique are that it is relatively inexpensive and thickness of the coating can be easily controlled. Another concern point is that mechanical bonding strength of the HA coating should withstand the bone growth stresses, induced during the bone healing process [18] . The adhesion of electrodeposited HA on smooth Ti surface was observed to be very week, which may cause implant loosening [19] [20] [21] [22] . Therefore, to increase the adhesion strength between HA and Ti surface, one suggested method is to use TiO 2 nanotube array as a substrate for HA electrodeposition. In addition to improving bonding strength, HA grown on TiO 2 nanotube array is more favorable to osteoblast (or bone-forming cell) growth and differentiation when compared with naturally formed TiO 2 layer on conventional Ti. It was also found that nanostructure surface could promote deposition of bone minerals, induced by osteoblasts [23] .
TiO 2 nanotubular can be formed by several methods, such as sol-gel method [24] , electrophoretic deposition [25] , and anodization [26] . These methods could form different tube alignment on surface. The vertically aligned TiO 2 nanotube arrays can be achieved by anodization method with various parameters (electrolytes, voltages, etc.) [27, 28] . In the present study, anodization using pulse voltage and neutralviscous, fluoride-containing electrolyte was investigated to achieve a uniform, well-oriented TiO 2 nanotube arrays (ATi). The previous study shows that alkaline surface treatment on ATi and subsequently annealing of HA-electrodeposited ATi at high temperature (>300 ∘ C) improve the bonding strength between HA and ATi [29] . However, the results from another study suggested that annealed HA grown in simulated body fluid (SBF) at high temperature (>300 ∘ C) was not always necessary because HA grown in SBF still possesses the Ca/P ratio of 1.67, closely mimicking natural bone minerals [30, 31] .
In the present study, HA coatings were coated onto alkaline pretreated TiO 2 nanotubes. The anodization conditions included two different values of pulse voltage (+20/−4 and +35/−4 V) and temperatures (5 and 25 ∘ C). The influence of alkaline pretreatment on ATi and physical structures (e.g., wall thickness, diameter, and length) of TiO 2 nanotubes on the growth of bioinspired HA was reported. The mechanical bonding strength of HA on its substrates was studied as an in vitro early assessment of long-term stability in the human body. The physical and chemical characteristics (e.g., structure, size, and a ratio of Ca/P) of HA were investigated to elucidate the effect of using this biomaterial to increase the preosteoblast viability under standard cell culture conditions. 2 Nanotube Arrays. Ti plate (Supra Alloys Inc., USA) of 99.9% purity was polished using silicon carbide papers (TOA, Thailand) of progressively decreasing roughness of 400, 600, 800, 1000, 1500, and 2000 grits. The samples were then polished with 0.05 m alumina powder (Allied, USA) to achieve a mirror quality finish. Freshly polished Ti was then washed with deionized (DI) water and sonicated in acetone (Sigma-Aldrich, Thailand) and 95 vol% ethanol (Sigma-Aldrich, Thailand) for five minutes each before immediate anodization.
Experimental Materials and Methods

Forming TiO
Anodization method was used to produce TiO 2 nanotube arrays. Ti was used as a positive electrode, whereas platinum was used as a negative electrode. The electrolyte was a mixture of 90 vol% glycerol and 10 vol% ammonium fluoride (NH 4 F) (0.36 M) in water. Anodization was performed with the pulse voltage of either +20/−4 or +35/−4 V, the conditions from a previous study by Chanmanee et al. [32] . The anodization was carried out at either 5 ∘ C or 25 ∘ C for 90 minutes. Then anodized sample was washed with deionized water before it was dried with nitrogen gas at room temperature. All ATi samples were then annealed at 450 ∘ C for 30 minutes to obtain the anatase phase.
Electrodeposition of Hydroxyapatite.
ATi samples were pretreated with 1 M NaOH at 50 ∘ C for two minutes. After the pretreatment, the HA deposition was conducted. The electrolyte for HA deposition was prepared by dissolving ammonium phosphate (NH 4 H 2 PO 4 , 1.67 mM) (SigmaAldrich, Thailand) and calcium nitrate (Ca(NO 3 ) 2 , 2.5 mM) (Sigma-Aldrich, Thailand) in distilled water. To increase ionic conductivity and to buffer pH of electrolyte at 7.2, 0.15 M NaCl (Ajax Finechem, New Zealand), tris(hydroxyl aminomethane) (Ajax Finechem, New Zealand), and hydrochloric acid (Ajax Finechem, New Zealand) were mixed [29] . The pretreatment ATi (P-ATi) was used as a negative electrode, whereas platinum was used as a positive electrode. Electrodeposition of HA was processed at −2.5 V and at 80 ∘ C for 10 minutes.
Physical and Chemical Characterizations of Anodized
Titanium and Hydroxyapatite Coating. Scanning electron microscopy (FE-SEM, CamScanMX2600, UK) was used to investigate surface morphology of ATi. The dimensions of the TiO 2 nanotubes were measured using image analysis software (ImageJ version 1.32, NIH). The crystal structures of the surfaces of the NaOH-pretreated ATi and the HA-coated samples were investigated by X-ray diffractometer (Shimadzu Model: XRD 6000, Japan).
The Mechanical Properties of Coated Hydroxyapatite on
Anodized Titanium. The mechanical bonding strength of coated HA on ATi was evaluated by tensile testing following an ASTM F 1044-05 standard [33] . Two HA-coated samples were glued together face-to-face using Plasmatex Klebbi adhesive (Plasma-Technik AG, Switzerland) and cured at 190 ∘ C for two hours. Tensile tests were conducted by a computer-controlled universal testing machine (Instron, Model 5500R, US) at a cross head speed of 0.25 centimeter (20, 30, 40, 50, 60, 70, 80, 90 , and 100 vol%) at room temperature. All samples were subsequently critical-point dried (EMSCOPE CPD-750, Ashford, UK). The samples were coated with gold (EMSCOPE SC-500, UK) at a thickness of 10 nm before being characterized by SEM. The cell morphology on Ti, ATi, P-ATi, HA-coated on ATi (HA-ATi), and HAcoated on P-ATi (HA-P-ATi) was observed using SEM (JEOL J-SM-5300, Japan) at an accelerating voltage of 20 kV.
Cell
Viability. Cells were seeded onto plastic polystyrene (control) and coated samples at a density of 5 × 10 4 cells⋅cm −2 in 24-well culture plates. Cell viability was tested using a commercial 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) assay (Sigma-Aldrich, Thailand). The 10 vol% MTT solution in 1x phosphate buffer saline was mixed with alpha-MEM without phenol red to form a yellowish solution before being added onto the cellseeded samples at the day 3 of cultures. Mitochondrial dehydrogenases of viable cells cleave the tetrazolium ring, yielding purple formazan crystals on cell-seeded samples after incubation for an hour. The absorbance of purple solution was measured at 570 nm wavelength using a spectrophotometer 
2.6. Statistical Analysis. Two-way analysis of variance (ANOVA) was used in the analysis of wall thickness, diameter, and length of TiO 2 nanotubes, which were anodized with different voltage pulses and temperatures.
ANOVA was used to statistically analyze the effects of materials on bonding strength of the HA coatings and cell viability. The statistical analysis was performed using Minitab 16 (Minitab Inc., USA) software. Significant level of 0.05 ( < 0.05) was used for the test.
Results and Discussion
Characteristics of Anodized Titanium. Gong et al.
reported that a certain anodization potential must be applied to yield ordered TiO 2 nanotube arrays [26] . Therefore, in this study, to control the size of the nanotubes, anodization potentials were varied. ∘ C, while the nonuniform nanotubes were found for the sample prepared under the conditions of +35/−4 V at both temperatures. The formation of the nonhomogeneous nanotubes (at 35 V) may be because of the high electrical field inducing etching of TiO 2 at higher anodization potential. While the electrochemical oxidation rate was increased at the higher anodization potential, longer tube lengths and formation oxide films were observed (inset of cross sections). At an anodization potential of +20 V, the formation and etching of TiO 2 were slower than those formed at +35 V. Thus, the applied pulse voltage at +20/−4 V in anodization led to the formation of shorter and more uniform nanotube structures than that formed at +35/−4 V.
The wall thickness, tube diameter, and tube length of TiO 2 nanotubes were measured using ImageJ and were plotted as shown in Figure 2 . The effects of each anodization parameter on nanotube diameter and wall thickness were summarized in Table 1 . The results suggested that temperature and pulse voltage in anodization had a remarkable effect on the TiO 2 tubular features.
Electrolytes containing fluorine are known as the most efficient electrolytes for anodic formation of TiO 2 nanotube arrays. For electrochemical anodization with pulse potential of +20/−4 V or +35/−4 V, TiO 2 nanotube layers were formed by self-organization of TiO 2 as a result of the balance between electrochemical oxidation of Ti and TiO 2 (reaction (3)). The induced electrical field caused dissolution of the TiO 2 by fluorine ions (reactions (4) and (5)) [34, 35] . Dissolution of the TiO 2 was partially suppressed by the binding of NH 4 + /NH 3 species on the TiO 2 surfaces (reaction (6)) as described by Chanmanee et al. [32] :
Ti
Reactions (3) and (5) 
In the present study, it was found that tube diameter and length of ATi strongly depended on temperature and applied pulse voltage (Figures 1 and 2) . Figure 2 showed that nanotube diameter and tube length formed at various temperatures Table 1 : The relationship between anodization parameters: (i) increasing the system temperature from 5 ∘ C to 25 ∘ C and (ii) increasing positive voltages from +20 V to +35 V, with the formation of TiO 2 nanotube arrays in terms of tube width and diameter. "TW" represents tube width, "TD" tube diameter, and "TL" tube length.
Parameter Morphology
were significantly different with significant level of at least 0.05, while the wall thicknesses were comparable. The result suggested that the rate of TiO 2 formation and chemical dissolution at 25 ∘ C were faster than those at 5 ∘ C, while the TiO 2 formation rate and etching rate of TiO 2 induced by the electric field were similar at both temperatures [28] . However, at low temperature, etching of TiO 2 by fluorine ions is largely suppressed, leading to small tube diameter and similar wall thickness. The previous study by Wang and Lin found that, at room temperature, the TiO 2 formation rate was higher than that in an ice bath [28] , while the etching rate of TiO 2 Tube wall thickness Tube diameter Tube length * * induced by electric field and fluorine ions remained similar at both temperatures. Their results showed a difference in inner diameter but not in the outer diameters. Their work was conducted in hydrofluoric electrolyte; thus, the anodization was not suppressed by neutral-viscous electrolyte. This phenomenon may be the reason to obtain different result from this present study. However, Wang and Lin also found that, at low temperature (∼0 ∘ C), even though the potential was increased, the chemical dissolution of TiO 2 by fluorine ions was still very low in the glycerol solution containing 0.25 wt% ammonium fluorides. Therefore, only a small difference in both wall thickness and diameter of the nanotube was observed at a constant temperature [28] .
Hydroxyapatite Electrodeposition
Effect of Alkaline Pretreatment.
From the previous work, the sodium titanate (Na 2 Ti 5 O 11 or Na 2 Ti 6 O 13 ) was deposited on the top of TiO 2 nanotubes and acted as nucleation sites for nanoscale of HA electrodeposition [36] . The SEM images in Figures 3 and 4 showed the HA formation on ATi and P-ATi, respectively. From Figures 3(a)-3(d) , without alkaline pretreatment, the HA coatings appeared as an oriented rod-like crystal structure on the ATi substrates with the average HA crystal sizes of 175, 107, 155, and 316 nm, respectively. On the P-ATi substrates, the HA coatings formed as an unoriented rod-like crystal structure with the average HA crystal sizes of 171, 194, 105, and 151 nm, respectively, as shown in Figures 4(a)-4(d) . The average size of HA crystal on ATi (107 nm) in Figure 3(b) is smaller than the average HA crystal size on P-ATi (194 nm) in Figure 4 (b). In this study, the results confirmed that the HA crystal was finer on ATi (5 ∘ C, +35/−4 V) without NaOH pretreatment.
Formation of Hydroxyapatite on Different Substrates.
From Table 2 , the EDS analysis of HA-ATi and HA-P-ATi revealed that the calcium to phosphate ratios, Ca/P, were in the range of 1.43 to 1.68 when ATi was used as a substrate. The HA on ATi and P-ATi had a Ca/P ratio closely mimicking that of natural bone. The HA coating on conventional Ti, however, had a Ca/P ratio of about 0.9. This ratio is close to that of dicalcium phosphate in bone [17] . The crystal structures of grown calcium phosphate minerals were analyzed by XRD, as shown in Figure 5 . The XRD spectra and EDS analysis confirmed that HA (Ca 10 (PO 4 ) 6 (OH) 2 ) coating formed on ATi and P-ATi, but perhaps dicalcium phosphate formed on the conventional Ti.
The formation of HA crystals on Ti and ATi by electrodeposition in the solution containing calcium and phosphorus was investigated in the present study. Electrochemical reactions of HA formation are shown as follows [39] :
The reduction of water resulted in the release of H 2 and an increase of hydroxide ions, as shown in reaction (7) . As a result of reaction (7) [39] , the pH between the cathode and electrolyte interface increases. When pH was higher than 7.64, the rates of the HA electrodeposition of reactions (8) and (9) were accelerated. When the interfacial pH was high, it provided an appropriate chemical environment to form HA, Ca 10 (PO 4 ) 6 (OH) 2 , coatings on the cathode (reaction (10)) [40] . In addition, the electric field draws Ca 2+ ions to the cathode surface causing that Ca/P ratio is closer to that of natural bone than the Ca/P ratio obtained by conservative methods (precipitation of calcium phosphates from aqueous solution). Table 2 suggested that the chemical composition of HA depends on the surface structure of substrates. It was known that it is easier for electrons to travel through TiO 2 nanotubes electrode than through TiO 2 compact layers [34] . Therefore, feature of HA (Ca 10 (PO 4 ) 6 (OH) 2 ) coatings on ATi electrode was more orderly oriented than those on conventional Ti because HA layers on ATi possess Ca/P ratios near to that of natural bone due to Ca 2+ ions enrichment on electrode (reaction (10)). Since ATi sample can carry more OH − groups on its surface during NaOH pretreatment, it supports a very dense formation of apatite nuclei. Another study also found that HA deposition on conventional Ti from the solution containing 
The results from Figures 3 and 4 and
Mechanical Bonding Strength of Hydroxyapatite on
Anodized Titanium. The bond strength between coated HA and the implant material is very important because the adhesive failure of implant after implantation easily takes place when the bond strength is low. Therefore, the present study aimed to study effect of morphology of substrates used for HA coatings on bond strength between them. As shown previously that only nanotube length and tube diameter Journal of Nanomaterials varied with anodization conditions, length ( ) to diameter ( ) of TiO 2 nanotube was used to test for this effect. Figure 6 (a) showed / ratio of TiO 2 nanotube arrays for ATi and P-ATi, anodized at the following conditions: 5 ∘ C, +20/−4 V, / = 1.27; 5 ∘ C, +35/−4 V, / = 2.92; 25 ∘ C, +20/−4 V, / = 5.96; and 25 ∘ C, +35/−4 V, / = 7.03. The results suggested that using either higher positive voltage or higher temperature increased / ratios. It was found that bonding strength of the HA coating on P-ATi is higher than that of HA-ATi (such that, at 5 ∘ C, +35/−4 V with / = 2.92, found bonding strength of the HA coating on P-ATi is 21 MPa and via ATi is 12 MPa). It is due to the fact that the NaOH pretreatment increases the pH inside the titania nanopores, consequently, nucleation of HA crystals was enhanced during electrodeposition. As described by Kim et al., during the alkaline treatment, the protective oxide layer on Ti is dissolved into solution because of corrosive attack by hydroxyl groups [42] . Negatively charged hydrates, produced on the ATi substrate surface, combine with alkali ions from the aqueous solution to form a hydrogel layer of sodium titanate. After the hydrogel layer was exposed to high temperature, the layer was dehydrated and was densified to form a stable alkali titanate layer. The compact layer of alkali titanate facilitates good adhesion between the HA coating and Ti or ATi substrate. The bonding strength progressively decreased as / increased when / was higher than 2.92. At / of 2.92, the highest bonding strength between HA and P-ATi was obtained. This phenomenon indicated that nanotube geometry is an important factor effecting on bonding strength between coated HA and substrate.
According to the ASTM F 1044-05 standard, there are three types of failures that can occur during the tensile test: adhesive, cohesive, and a combination of these two modes (Figures 6(b) and 6(c) ). For the HA coated at 5 ∘ C, +35/−4 V ( / = 2.92), during the shear bond tests, the fracture occurred only at the HA coating layers, as shown in Figure 6 (c)(I). Accordingly, it can be stated that cohesion strength between the HA and TiO 2 nanotube was stronger than that between the HA layers. The same fracture surface was found for the deposited HA prepared at 25 ∘ C, +20/−4 V ( / = 5.96). For the HA coated at 25 ∘ C, +35/−4 V ( / = 7.03), fracture occurred at the HA and TiO 2 interface as well as at the HA layer as shown in Figure 6 (c)(II). From Figure 6 (c)(II), residues of TiO 2 nanotube were found in both sides of the fracture surface. This failure indicated a combination of adhesive and cohesive failures and also occurred for the HA coated at 5 ∘ C, +20/−4 V ( / = 1.27). Using both bonding strength and fracture surface information, the high bonding strength was found when cohesion between HA and TiO 2 nanotube is stronger than adhesion between HA layers. The dependence of bonding strength on / ratio may be described as the following. When / is 1.27, the depth that deposited HA could form along nanotube is very shallow. As shown in Figure 2 , the nanotube length in this case is only about 120 nm. Thus, nanotube surface area, which acts as nucleation site for HA formation, is low, leading to less HAnanotube interface area. In addition, due to short nanotube length, both the nanotubes and Ti base may be subjected to the glue. Hence, the nanotube base was easily destroyed during testing. For the highest / ratio of 7.03, the presence of nanotube residue indicated that TiO 2 nanotubes were damaged. From Figure 2 , tube length was approximately 1120 nm, which is almost four times longer than that of the sample whose / ratio is 2.97. In this case, the failure of nanotube could be explained by the Euler equation; cr = 2
/(
2 ) [43] . As shown in the equation, critical stress ( cr ) that the column can bear is inversely proportional to the second order of column height, . The higher the height of the column, the lower the critical stress that the column can bear. As a result, tube strength of nanotube layer is inversely proportional to nanotube length.
For the sample with / ratio of 5.96, the bonding strength is lower and the tube length is about two times higher than that for the sample with / ratio of 2.97. The Euler equation may be applied for this case; nevertheless, the fracture surface of the two samples indicated the similar adhesion mode. Further study is needed to analyze the effect of geometry in this range. In case of HA on conventional Ti substrate ( Figure 6 (c)(III)) fracture during the test occurred at the calcium phosphate-Ti interface, which indicated that only adhesive failure occurred. From these results, it can be concluded that as / ratio is approximately 3.00-6.00, the interfacial adhesion between HA and TiO 2 array is stronger than cohesion between HA layers.
In conclusion, the topography and chemical composition of Ti substrates before the electrodeposition of bioinspired HA directly influence the crystal structure and phases as well as mechanical bonding strength of HA coating. Following ISO Standard 13779-4:2002, bonding strength between coating and substrate of apatite coating implant should be higher than 15 MPa [44] . With this result, ATi samples anodized at 5 ∘ C and +35/−4 V ( / = 2.92) were further studied for cell morphology and viability with preosteoblasts.
Responses of Preosteoblast Cells on Different Hydroxyapatite Coatings.
ATi and P-ATi anodized at +35/−4 V and 5 ∘ C, as shown in Figures 3(b) and 4(b) , respectively, were chosen for cell culture testing because the mechanical bonding strength of HA on these substrates was high, as shown in Figure 6 . Figure 7 shows cell proliferation on Ti, ATi, P-ATi, HAATi, and HA-P-ATi. Previously, the samples were seeded with MC3T3-E1 preosteoblast cells and cultured for three days in a standard cell culture condition. The results of the MTT assay indicated that all of the samples had good cytocompatibility. The percentage of viable cells was the highest on HA-ATi. The electrodeposited HA, whose Ca/P ratio is similar to that of natural bone, exhibited the oriented rodlike crystal structure when it formed on ATi with an average crystal size of 107 nm. The results suggested that osteoblasts preferred to grow on HA-ATi compared to HA-P-ATi, whose average crystal size was larger, 194 nm. This result is in an agreement with other works [6, 23, 45] . Webster and Ejiofor suggested that a small HA crystal size improved the biocompatibility of implants and increases osteoblast adhesion [23] . Tsuchiya et al. reported that nanostructured materials significantly improved osteoblast growth while they inhibited cell apoptosis [6] . Moreover, the nanostructure of biomaterials promoted cell functions, such as the synthesis of extracellular matrix proteins and calcium mineral deposition [45] . Thus, the size of the HA crystals formed on ATi and P-ATi directly affects osteoblast proliferation in this study.
Adhesion of osteoblast cells is a crucial prerequisite to all subsequent cell functions. According to Webster et al., the use of nanostructured ceramics (such as alumina, titania, and HA) significantly improved osteoblast adhesion [46, 47] . Importantly, the results shown in Figure 7 are in good agreement with previous findings that finer HA crystals improve cell proliferation. A study by Chou et al. demonstrated that small plate-like HA had greater preosteoblast proliferation after 4 days than large plate-like HA. Large plate-like HA, however, induced higher expression of the mature osteogenic markers osteocalcin and bone sialoprotein in preosteoblasts after 21 days of culture compared to small plate-like HA, polystyrene, and conventional apatite [48] . Further studies are needed to confirm its effects on osteoblast differentiation and new bone formation juxtaposed to orthopedic implants.
Figures 7(b)-7(f) show that osteoblasts differed in their size, spreading, and adhesion on the samples. Figure 7(a) shows that although Ti is a biocompatible material, it is a bioinert material, which does not adequately increase osteoblast attachment, spreading, proliferation, or differentiation. In contrast, HA, as a major inorganic component of hard tissues, possesses excellent biocompatibility, bioactivity, and osteoconductivity [49] . Cells exhibited larger spreading on Ti than on all other samples, but cell peeling was observed due to the lower cell adhesion. Particularly noteworthy are HAATi and HA-P-ATi, which induced maximum cell adhesion with a smaller cell size. Cells appeared flattened and spread Osteoblasts with no appendix on their substrates and cell peeling were observed on Ti, ATi, and P-ATi (Figures 7(b)-7(d) ). This is perhaps due to the fact that the cell adhesion strength on the non-HA-coated samples was lower than that on HA-ATi and HA-P-ATi. HA improves osteoblast adhesion because it is a main component of the bone extracellular matrix. The HA coating reduced osteoblast spreading but improved the elongation of cell projections.
The effect of NaOH pretreatment on cell viability was also examined. Cell morphology of preosteoblasts on the ATi and P-ATi was similar (Figure 7 ). The ATi (without NaOH pretreatment), however, was more favorable for preosteoblast proliferation than P-ATi, possibly due to their different surface compositions. Sodium titanate was present on the PATi surface but not on the ATi surface. HA-P-ATi has a lower ratio of Ca/P (1.46) and an unoriented rod-like crystal HA coating (Figure 4(b) ), while HA on ATi has a Ca/P of 1.67 and an oriented rod-like crystal structure. The percentage of viable cells after 3 days of culture was greater on HA-ATi than on HA-P-ATi, but the cell morphology of preosteoblasts on HA-ATi was similar to that on HA-P-ATi. A previous study suggested that osteoblast adhesion and metabolic activity were very sensitive to surface morphology and roughness [50] . Surface energy is also reported to be an influential surface characteristic on cellular proliferation [51] . Therefore, the higher cell viability on nanoscale HA-ATi could be due to the positive effects of the surface energy. Moreover, HA with low crystallinity may remarkably increase degradation rates in vitro or in vivo [49] . HA is the most stable and least soluble in aqueous media of all calcium phosphates [52] . It becomes more acidic and water-soluble as its Ca/P ratio decreases [53] . Thus, the dissolution of HA in HA-P-ATi may slow the growth of preosteoblast cells. Approximately 2-4 mM of Ca 2+ is suitable for osteoblast proliferation and survival, and slightly higher concentrations (6-8 mM) favor osteoblast differentiation and mineralization. An excessively high concentration, >10 mM, can be cytotoxic to cells [54] . It is possible that the high concentration of Ca 2+ in HA-P-ATi decreased preosteoblast proliferation in this study. On the other hand, with a higher Ca/P ratio (1.67) of HA-P-ATi, free phosphate level in the apatite microenvironment is also perhaps lower, and thus fewer phosphates participating in osteopontin regulation are transported into the cells [55] . This can cause lower cell proliferation on HA-P-ATi than on HAATi after 3 days of culture. Another possible mechanism is that high phosphate levels may induce the expression of calcium channels and phosphate transporters and activation of ERK1/2, but not MAPK, p38, or JNK signaling pathways [56] . This cascade participates in the regulation of a large variety of processes, including cell adhesion, cell cycle progression, cell migration, cell survival, differentiation, metabolism, proliferation, and transcription [57] . Therefore, we conclude that the size and Ca/P ratio of the HA crystal directly affect the cell proliferation, but not the cell morphology, of preosteoblasts.
Importantly, the nanotube formation of TiO 2 is the predominant factor to increase the bonding strength between the HA coating and TiO 2 nanotube substrate. The nanotube formation can promote a HA coating in the phase closely mimicking that found in natural bone. Therefore, the electrodeposited HA coating on ATi and P-ATi can illicit more favorable responses of preosteoblast morphology and proliferation than the samples without HA coating.
Conclusions
TiO 2 nanotube arrays were anodized for 90 min under various conditions: 5 ∘ C, +20/−4 V; 5 ∘ C, +35/−4 V; 25 ∘ C, +20/ −4 V; and 25 ∘ C, +35/−4 V. HA was then electrodeposited onto ATi and P-ATi (with NaOH pretreatment). Increasing the pulse-positive voltage (from +20 V to +35 V) and temperature (from 5 ∘ C to 25 ∘ C) during anodization increased the nanotube length. At 25 ∘ C, changing the anodization voltage did not significantly affect the nanotube wall thickness. The bonding strength of the HA coatings on ATi layers was stronger than that of the HA coating on conventional Ti. Importantly, the bonding strength of the HA coating was higher on HA-P-ATi than on HA-Ti and HA-ATi. The results suggested that the HA crystals on ATi had an oriented rodlike crystal structure with an average size of 107 nm and a Ca/P ratio of 1.67. The HA crystals on P-ATi had an unoriented rod-like structure with an average size of 194 nm and Ca/P ratio of 1.46. The percentage of osteoblast viability at day 3 of cell culture was significantly higher on HA-P-ATi (98%) than those on Ti (59%) and P-ATi (92%) but lower than those on ATi (108%) and HA-ATi (117%). Higher cell proliferation was observed on the smaller HA crystals of HA-ATi. The Ca/P ratio (1.67) of the HA crystals on ATi reduced the dissolution of calcium ions and phosphates, thus allowing for better cell proliferation. The electrodeposited HA coating improved preosteoblast adhesion as cell projections were elongated. In summary, P-ATi increases the mechanical bonding strength of an electrodeposited HA coating but decreases the Ca/P ratio of HA with a larger crystal size, thus leading to lower preosteoblast proliferation after 3 days of culture.
